Introdution
To reduce power peaks in electricity networks and to cover the mismatch between the energy demand of buildings and the supply of (renewable) energy, thermal energy storage (TES) technologies combined with electrical heat pumps (HP) can be applied. The most promising technologies to store thermal energy in buildings are the building thermal mass (BTM), water buffers, ice buffers, phase change material tanks and thermochemical material tanks [1] .
The integration of these technologies in building energy management systems (BEMS) isn't sufficiently investigated. There exists no clear representation of the critical energy storage parameters for the model control and there is no clear structure for the model control & optimization of energy storage capacities. In this paper, we introduce the most critical energy storage parameters for the model control & optimization. For the representation of these parameters a resistance capacitance network is used to establish an optimization structure for the model control of TES in buildings. The optimization strategy is to minimize the electricity costs of the heat pump that is used for space heating and charging of various thermal energy storages. 
Nomenclature

Model initiation
The critical control parameters of the storage capacities included in the model, are the state of charge, self-discharge, charging-and discharging energy efficiency, charging and discharging temperature as well as the storage capacity.
The aim of the model was to investigate the charging and discharging behavior of the TESs. Therefore, a very simplified room model was used to simulate the energy demand ( Figure 1 ). The room model consists of an outer wall, a volume of air and an inner wall. No further thermal capacities such as the floor, the ceiling or residual walls, have been considered. The outer wall (insulating lightweight concrete, heat conductivity of 0.14 W/(mK), density of 480 kg/m 3 , specific heat of 1000 J/(kgK) [5] ) is exposed to the ambient air. Incident solar radiation heats up the outer wall as well as the room through the window. The inner wall (structural lightweight concrete, heat conductivity of 0.61 W/(mK), density of 1600 kg/m 3 , specific heat of 921 J/(kgK) [5] ) can be actively heated at a maximum power of 10 W/m 2 . This value is in a good agreement to the standard values of TABS (thermal activated building systems) that are embedded water based surface heating system [6] . The inner wall has been assumed to be a TAB system. Both walls embody the characteristics of a typical BTM storage, the outer wall as a passive thermal storage and the inner wall as an active sensible thermal storage. Additionally, separate units (tanks) of hot water, PCM and TCM were assumed. The basic parameters associated with these thermal energy storage units are specified in Table 1 .
Model description & optimization strategy
A lumped parameter model was implemented using a resistance capacitance (RC) network as main structure ( Figure  2a ). RC networks that are based on a system of ordinary differential equations, have been widely used for simplified building modeling offering low computational effort [7] . In this paper, we use a RC network in the general form: 80 [4] 25/35 [4] 0.86 [4] 0.58 [4] (1)
The upper part of figure 2a depicts the room model. The room, the inner wall and the outer wall are represented by temperature nodes that are connected to each other using the thermal resistances Rwall = 0.16 K/W and Rroom = 0.11 K/W. The lower part of figure 2a describes the three different heat storage capacities (HW, PCM, TCM) that can deliver heat to the room. The temperature node of HW, PCM and TCM are theoretical representations of the state of charge in which the specific heat capacity of each storage is adapted to its energy density. The heat pump can deliver heat to the room, to the inner wall, to the HW tank and to the PCM tank. The resistances of the piping systems between the heat pump and the room, the inner wall, the HW tank and the PCM tank have been assumed to be zero. For heating the room, no additional radiator resistance has been taken into account. For heating the inner wall, no construction of the TAB system such as the dimension of the embedded water pipes has been considered. The TCM unit cannot be heated by the HP because of a charging temperature of 80 °C (assumption for a closed TC system [4] ) that is in general higher than the maximum output temperature of the HP. To charge the TCM tank a flat plate solar collector (collector surface = 2 m²) was included that can also heat the HW and PCM unit. No additional piping resistances have been assumed between the solar collector and the storage tanks. Depending on the charging temperature, the solar collector efficiency varies between 40 and 55 %. Both tanks HW and PCM are insulated and Rinsulation is 3.13 K/W. The energy loss of the TCM unit is not considered since the heat is stored in a chemical reaction [8] . The RC model was converted into a linear optimization problem using Matlab. The optimization algorithms that were applied are interior-point and dual-simplex. The objective of the optimization was to minimize the total electricity costs J.
Equation (2) includes a price function (figure 2b) multiplied by the power of the HP. The price function has a daily and a seasonal change representing the Smart grid. The daily change is based on proposed Time-of-Use (TOU) rates [9] with Off-peak, On-peak and Mid-peak energy charge rates. The seasonal electricity price was assumed to increase in winter and decrease in summer. A whole year simulation was performed starting in summer and using the ambient temperature and the solar radiation from typical Dutch climate (weather data DeBilt from 2010 to 2011). One of the main optimization constraints is the room temperature with a lower bound in the heating period at 21 °C [10] for the working time in the office.
The maximum temperature for heating the inner wall was set to 28 °C [11] . The maximum electrical power of the HP is 200 W for heating the room (case 1-9), additional 200 W for heating the HW unit (case 3,5) and the PCM unit (case 6, 8) . The heating of the inner wall (TABS) by the HP was limited to 90 W (9 m² of wall surface, 10 W/m² maximum power). In order to simulate a changing COP of the HP, a function depending on the ambient temperature was implemented.
Simulation results
To compare the optimization results, a reference case was simulated using the HP to heat the room. The upper part of figure 3 depicts the whole year temperature distribution of the ambience, room, inner wall and outer wall. The resulting necessary HP electrical power can be seen in the lower part of figure 3 with a maximum peak of 150 W in the beginning of January just after the Christmas holidays. Fig. 3 . Results reference case -heat pump is heating the room All simulated cases are based on the price function from figure 2b. The total electricity costs for the 1 st case (reference case) are 19.2 Euro and the total electrical energy consumption is 0.283 GJ ( Table 2) . The cases 2 to 9 were optimized in terms of minimizing the electrical input for the HP (Table 2 ). Heating the inner wall (2 nd case) during low cost periods, in this regard, can result in cost savings of 7.9 %, but also leads to an increase of the electrical energy consumption of 12.1 %. This is based on higher energy losses from the room to the ambience that cause from elevated temperature levels of the inner wall and the room during unoccupied periods. Heating the HW tank during low cost periods (3 rd case) shows a similar result with a cost saving of 3.5 % and an increase of electrical energy consumption of 16.5 % compared with the reference case. Because of an assumed charging and discharging efficiency of 0.87, the cost savings are lower than compared with the 2 nd case. The solar energy is free. Connecting a solar collector to the HW unit (4 th case) gives a reduction of 7.8 % ( Eel) and accordingly a cost saving of 7.3 %. The maximum cost saving potential for the HW integrated with HP and solar collector (5 th case) is 10 %. Using the heat pump and the solar collector was also applied to charge the PCM tank (6 th -8 th case). The maximum cost saving potential of the case using the HP and the solar collector (8 th case) is 12.5 %.
The capacity of a TCM storage is the highest among the applied heat storage technologies (Table 1) . Using the solar collector to charge the TCM unit (9 th case) results in a cost saving of 8.1 % (Table 2 ) and a reduction of electrical energy input for the HP of 8.4 % compared with the reference case. Gantt charts for the cases 5,8 and 9 were created to show the charging and discharging behavior of the HW, PCM and TCM (Figure 4 ). The HW storage (blue bars) is charged by the solar collector during summer and by the HP during the winter. Discharging mainly takes place between September and April. The PCM storage (green bars) shows a similar solar charging behavior because the charging temperature is the same as for the HW storage at 50 °C. During the cold season the PCM tank is hardly charged by the HP because of a lower discharging efficiency. Discharging of the PCM unit can also be noted during some summer months. This results in an elevation of the room temperature (1 K maximum) that is still within comfort bounds. Thus a comparable maximum cost saving of the PCM optimization might be lower and in the range of the HW storage.
The charging behavior of a TCM unit (brown bars) by the solar collector shifts towards the warmer season. This is based on the charging temperature that is 80 °C. The clear advantage of a TCM storage lies in a seasonal storage that can be seen by the discharge at low ambient peak temperatures during the cold season in December.
Discussion
The simulation results for the HW and the PCM tank show that they are mainly used as a short term storage. This is as expected because the heat loss during idle mode does not allow to store heat for a longer term (as of weeks). The charging and discharging energy efficiency, in this regard, strongly influence the scheduling behavior of charging and discharging and determines whether a short term storage might be heated during the winter time using a HP. The TCM unit can store heat for a longer term (season) by being charged in summer and discharged in winter. Therefore, we need a seasonal price incentive, with higher electricity prices in winter than in summer. The daily price incentive with Off-peak, On-peak and Mid-peak energy charge rates is from main interest for the optimization of the short term storage (HW, PCM, BTM). Only lower electricity prices before periods of presence can result in cost savings. The maximum cost saving potentials, BTM of 7.9 %, HW of 10 %, PCM of 12.5 %, and TCM of 8.1 %, indicate that all these technologies can be a valuable contribution to the energy savings of buildings. The maximum cost savings might change when adding cooling in summer, setting smaller set point boundaries (room temperature -thermal comfort bounds), changing the electricity prices or applying a more advanced building model. The cost savings, however, will give a constraint to investment costs of the thermal energy storage technologies. Minimizing the electricity costs by heating at low cost periods, on the other hand, can lead to an increase of electricity energy consumption. This might contradict to the general objective of reducing the energy consumption.
Conclusion
It has been clearly shown that the assumed critical storage parameters, state of charge, self-discharge, charging-and discharging energy efficiency, charging-and discharging temperature as well as the storage capacity can represent the typical charging and discharging behavior of the BTM, HW, PCM and TCM. It has been further demonstrated that a resistance capacitance network can enable a structure for modeling the control & optimization of various thermal energy storage capacities. So far, we have used a very simplified building model because the focus of the model was set to validate the assumed critical energy storage parameters for the model control. In further steps, it is necessary to include a more advanced building model considering several rooms and floors. This will give a more realistic evaluation of the energy storage potential of the buildings' thermal mass. Besides, additional resistances need to be taken into account representing the heating system such as radiators and piping. The objective of the simulations was to minimize operational costs for electricity use. It has been found out that in some cases a cost saving results in an increase of electricity energy consumption. Thus, objectives in optimization need to be carefully chosen of whether focusing on cost reduction, decrease of energy consumption or increase of energy efficiency.
